Abstract: In this paper, we propose a coherent optical interleaved single-carrier frequency-division multiplexing (CO-I-SC-FDM) uplink scheme for the long-reach passive optical network (LR-PON). I-SC-FDM is a modified form of orthogonal frequency-division multiplexing (OFDM) with low computational complexity and low peak-to-average power ratio (PAPR). By designing a simple encoding structure, the computational complexity of the transmitter can be reduced from OðNlog 2 ðNÞÞ to OðNÞ. At the probability of 10 À3 , the PAPR of the I-SC-FDM is about 10.7 dB lower than that of conventional OFDM for quadrature phase-shift keying (QPSK) modulation. We experimentally demonstrate a 10-Gb/s CO-I-SC-FDM uplink scheme over 100-km standard single-mode fiber with 1:128-way passive splitter for LR-PON. In the conventional CO-OFDM uplink scheme, the splitting ratio is only 1:64. The proposed scheme shows great potential for application in access and metro networks.
Introduction
In recent years, bandwidth demand of access network has grown explosively because of emerging bandwidth-hungry applications such as high-definition video, online gaming, and cloud computing. Passive optical network (PON) has been extensively researched and applied to satisfy the increasing bandwidth demand [1] - [3] . Such a network is usually cost-sensitive, because network users need to pay the expenses for establishment, operation, and maintenance. Long-reach PON (LR-PON) has been proposed as a more cost-effective solution, which extends coverage span of conventional PONs from 20 km to 100 km. LR-PON can consolidate metro area network with access network, which would potentially reduce per-user costs because more optical network units (ONUs) share one optical line terminal (OLT) [4] - [6] . For LR-PON, coherent detection has been employed to increase the transmission reach and splitting ratio compared to direct detection (DD) [7] - [9] . DD-based PON is limited in two key respects: 1) limited receiving sensitivity and 2) poor dispersion tolerance.
Thanks to the advances in digital signal processing (DSP) technology, orthogonal frequency division multiplexing PON (OFDM-PON) has become an attractive candidate for future access network because of its high spectral efficiency, robust dispersion tolerance, simple channel equalization, and flexible modulation format [10] - [13] . However, high peak-to-average power ratio (PAPR) and high computational complexity restrict OFDM to be applied in practice. High PAPR brings serious nonlinear distortion in both electronic and optical domains and high computational complexity increases the cost of the system. As a modified OFDM, single-carrier frequency division multiplexing (SC-FDM) is the key technology for high data rate uplink communications in Third-Generation Partnership Project (3GPP) [14] - [16] . SC-FDM has a low PAPR compared to conventional OFDM, which is also attractive to optical communications.
In this paper, we propose a coherent optical interleaved SC-FDM (CO-I-SC-FDM) uplink scheme for LR-PON. The proposed scheme has advantages of low computational complexity and low PAPR. The computational complexity of the transmitter can be reduced from OðNlog 2 ðNÞÞ to OðNÞ by designing a simple encoding structure. At the probability of 10 À3 , the PAPR of the I-SC-FDM is about 10.7 dB lower than that of conventional OFDM for quadrature phase shift keying (QPSK) modulation. A 10-Gb/s CO-I-SC-FDM uplink scheme has been experimentally demonstrated over 100-km standard single mode fiber (SSMF) with 1:128-way passive splitter. In the conventional CO-OFDM uplink scheme, the splitting ratio is only 1:64. In conclusion, our proposed scheme shows great potential for application in LR-PON.
Simple Encoding Structure
In this section, we propose a simple encoding structure for I-SC-FDM. Comparison of computational complexity between the conventional and proposed encoding structure is provided. Fig. 1 shows the block diagram of the optical I-SC-FDM system. The conventional encoding structure of I-SC-FDM is revealed as the pink boxes in Fig. 1 . The generated QPSK samples are sent into N-point fast Fourier transform (FFT). The output of N-point FFT, i.e., X , is expressed as
Then, X n is assigned to the odd subcarriers of 2N-point inverse FFT (IFFT)
After 2N-point IFFT processing, the generated I-SC-FDM symbol, i.e., y , can be described as By substituting (2) into (3)
where m is from 0 to 2N À 1. We can obtain the following simplified expression of y :
As (5) shows, the generated I-SC-FDM symbol has the anti-symmetrical property (i.e., y m ¼ Ày mþN , 0 m N À 1). The samples of y are simply a repetition of the original input samples of x with a systematic phase rotation applied to each sample in the time domain. I-SC-FDM employs the extra N-point FFT that is different from conventional OFDM. Therefore, I-SC-FDM has higher computational complexity than conventional OFDM. According to (5), we can simplify the encoding process by the simple encoding structure, as shown in Fig. 2 where E m ¼ e jm=N , 0 m N À 1. First, the input sample x m is multiplied by E m . As the red paths in Fig. 2 show, the first half of output is equal to the product, E m Â x m . As the blue paths in Fig. 2 show, the second half of output is equal to the product, À1 Â E m Â x m . The computational complexity of the pink boxes in Fig. 1 is OðNlog 2 ðNÞÞ because the computational complexity of FFT is OðNlog 2 ðNÞÞ [17] . The computational complexity of the simple encoding structure in Fig. 2 is OðNÞ. Therefore, the computational complexity is dramatically reduced by the simple encoding structure in Fig. 2. 
PAPR Performance of I-SC-FDM
In this section, we demonstrate the PAPR performance of I-SC-FDM signal. Comparison of PAPR performance between the conventional OFDM signal and I-SC-FDM signal is provided. Fig. 3 shows the constellations of I-SC-FDM signal with M-QAM modulation (red) and M-QAM signal (green). It shows that the I-SC-FDM samples are simply a repetition of the input M-QAM samples with a systematic phase rotation applied to each sample in the time domain. I-SC-FDM signal with M-QAM modulation has the same peak power and average power as the M-QAM signal. Therefore, the I-SC-FDM signal with M-QAM modulation ought to have the same PAPR performance as the M-QAM signal. The PAPR, which is defined as the ratio between the maximum peak power and the average power of a discrete OFDM signal, can be expressed as
where y m is the OFDM signal, and E f:g denotes the statistical expectation.
The complementary cumulative distribution function (CCDF) is commonly used to evaluate the performance of PAPR reduction techniques. The CCDF of the PAPR denotes the probability that the PAPR of OFDM signal exceeds a threshold PAPR 0 . We define the CCDF as
Fig . 4 shows the CCDF curves of PAPR for conventional OFDM and I-SC-FDM. The PAPR of I-SC-FDM signal with QPSK modulation is equal to zero, which is the same as the PAPR of the QPSK signal. At the probability of 10 À3 , the PAPR of I-SC-FDM signal is about 10.7 dB and 7.7 dB lower than that of conventional OFDM signal for QPSK and 16-QAM modulation, respectively. Therefore, the PAPR performance of I-SC-FDM is outstanding. 
Experimental Setup and Results
In this section, we present the experiments that we performed to verify the feasibility of CO-I-SC-FDM uplink scheme for LR-PON. Fig. 5 shows the experimental setup of 10-Gb/s CO-I-SC-FDM uplink scheme for LR-PON. I-SC-FDM symbols were generated by the simple encoding structure shown in Fig. 2 . The input constellation of the simple encoding structure was QPSK. The number of samples was 256 in one I-SC-FDM symbol. Sixteen cyclic prefix samples were employed. For every block of 128 I-SC-FDM symbols, two training symbols were transmitted for synchronization and channel estimation. The generated digital I-SC-FDM frame was then uploaded into an arbitrary waveform generator (AWG, Tektronix AWG7122C) operating at 10 GS/s to generate analog signal. The overall link rate was about 10 Gb/s, and the net bit rate (NBR) can be calculated by NBR ¼ 2 bit/sampleðQPSKÞ Â 10 GS/sðsampling rateÞ Â 128ðpayload subcarriersÞ 256ðtotal subcarriersÞ þ 16ðcyclic prefixÞ Â 128ðpayload symbolsÞ 128ðpayload symbolsÞ þ 2ðtraining symbolsÞ % 9:3 Gb/s: (8) A commercially available external cavity laser (ECL) with a linewidth of 100 kHz was used to generate the optical carrier at 1550 nm. A LiNbO 3 IQ modulator was used to modulate the optical carrier with the amplified analog I-SC-FDM signal. The modulated optical signal was launched into 100-km G. 652 SSMF. The launch power was about 0 dBm. The loss of SSMF is about 0.19 dB/km, and the total loss of fiber link is about 20 dB. A variable optical attenuator (VOA) was used to emulate the power loss associated with the passive splitter in the PON.
Experimental Setup
At receiver, a common coherent receiver and offline processing were utilized to recover the data. The local oscillator (LO) laser, an ECL with a linewidth of 100 kHz, had its optical output power set to 10 dBm. A 2 Â 4 90 degree hybrid was utilized to mix the optical signal and LO. Two balanced photodiodes (BPDs) were used to detect the optical outputs of the 90 degree hybrid. Two electrical outputs of BPDs were captured by a digital phosphor oscilloscope (DPO, Tektronix DPO72004C) operating at 50 GS/s to implement analog-to-digital conversion. The digital signal was decoded by offline processing in MATLAB. The training symbols were used to estimate the channel characteristic via the least-square algorithm [18] . The phase noise was compensated by Viterbi-Viterbi (V-V) algorithm [19] . Compared to pilot-aided algorithm, the V-V algorithm can improve spectral efficiency because it needs no overhead. 
Experimental Results
The performance of CO-I-SC-FDM uplink scheme was verified by carrying out BER measurements for two different scenarios: back-to-back (BTB) and 100-km SSMF transmission. As Fig. 6 shows, the required received power at the forward error-correction (FEC) limit (BER ¼ 3:8 Â 10
À3
and redundancy ratio of 7%) was measured to be about À43 dBm and À41.8 dBm after BTB and 100-km SSMF transmission, respectively. The maximum power penalty for the case of 100-km SSMF was about 1.2 dB. At the FEC limit, the attenuation value of VOA was about 21.8 dB in the scenario of 100-km SSMF transmission. It was used to emulate the power loss associated with the 1:128-way passive splitter. Fig. 7 reveals the QPSK constellations before and after the V-V algorithm in the scenario of the 100-km SSMF transmission at the received optical power of À41 dBm. After the V-V algorithm, the BER of the signal is below the FEC limit. Obviously, the V-V algorithm can effectively estimate and compensate the phase noise that mainly comes from the lasers in the transmitter and the receiver. Fig. 8 shows the normalized spectrum of the received I-SC-FDM signal after BTB and 100-km SSMF transmission at the received optical power of À41 dBm. The electrical bandwidth of I-SC-FDM signal is 5 GHz. In the transmitter, the FFT outputs of the input QPSK symbol are allocated over the entire bandwidth with zeros occupying the even subcarriers resulting in a comb-shaped spectrum. The signal-to-noise ratio (SNR) of the I-SC-FDM signal after BTB transmission is better than that after 100-km SSMF transmission. Fig. 9 shows the BER comparison between the CO-I-SC-FDM uplink scheme and conventional CO-OFDM uplink scheme. In conventional CO-OFDM uplink scheme, 250 subcarriers were employed to transmit useful information when the total number of subcarriers was 256 and the sample rate of AWG was set to 5 GS/s. Two schemes had the same number of CP and training symbol. Therefore, two schemes had almost the same NBR. The required received optical power at the FEC limit was measured to be about À39 dBm for the conventional CO-OFDM uplink scheme after 100-km SSMF transmission. The CO-I-SC-FDM uplink scheme exhibited an improvement in the received sensitivity of approximately 2.8 dB compared to conventional CO-OFDM uplink scheme. The conventional CO-OFDM uplink scheme may suffer more nonlinear distortion in both electronic and optical domains and quantization noise due to its high PAPR. In the conventional CO-OFDM uplink scheme, the attenuation value of VOA was about 19 dB at the FEC limit. It was used to emulate the power loss associated with the 1:64-way passive splitter.
Conclusion
In this paper, we propose a CO-I-SC-FDM uplink scheme for LR-PON. By designing the simple encoding structure, the computational complexity of the transmitter can be reduced from OðNlog 2 ðNÞÞ to OðNÞ. At the probability of 10 À3 , the PAPR of the I-SC-FDM signal is about 10.7 dB lower than that of conventional OFDM signal for QPSK modulation. We experimentally demonstrate a 10-Gb/s CO-I-SC-FDM uplink scheme over 100-km SSMF with 1:128-way passive splitter for LR-PON. CO-I-SC-FDM uplink scheme exhibits an improvement in the received sensitivity of approximately 2.8 dB compared to conventional CO-OFDM uplink scheme. In the conventional CO-OFDM uplink scheme, the splitting ratio is only 1:64. The proposed scheme shows great potential for application in access and metro networks. . BER curves for CO-I-SC-FDM uplink scheme and conventional CO-OFDM uplink scheme after 100-km SSMF transmission.
